Dopamine (DA) neurons in the ventral tegmental area have been implicated in psychiatric disorders and drug abuse. Understanding the mechanisms through which their activity is regulated via the modulation of afferent input is imperative to understanding their roles in these conditions. Here we demonstrate that endocannabinoids liberated from DA neurons activate cannabinoid CB1 receptors located on glutamatergic axons and on GABAergic terminals targeting GABA B receptors located on these cells. Endocannabinoid release was initiated by inhibiting either presynaptic type-III metabotropic glutamate receptors or postsynaptic calcium-activated potassium channels, two conditions that also promote enhanced DA neuron excitability and bursting. Thus, activity-dependent release of endocannabinoids may act as a regulatory feedback mechanism to inhibit synaptic inputs in response to DA neuron bursting, thereby regulating firing patterns that may fine-tune DA release from afferent terminals.
Introduction
The mesolimbic dopamine (DA) system represents an important neural substrate underlying the rewarding properties of abused drugs. This pathway originates with a population of DA neuron somata located in the ventral tegmental area (VTA), the axons of which project to forebrain areas such as nucleus accumbens (NAc) and prefrontal cortex (PFC) (Wise, 2002) . DA neurons fire action potentials in both pacemaker (tonic) and bursting (phasic) patterns (Cooper, 2002) . The latter pattern results in a transient increase in DA release in NAc, particularly in relation to environmental stimuli possessing strong reward salience (Schultz, 1998) . The transition to bursting from tonic firing is governed by the patterns of synaptic input from glutamatergic and GABAergic afferents to the DA neurons (Grace and Bunney, 1985; Smith and Grace, 1992; Chergui et al., 1994; Tepper et al., 1995) . Cannabinoids (CBs), like the psychoactive ingredient in marijuana, ⌬ 9 -tetrahydrocannabinol (⌬ 9 -THC), also increase DA release in the NAc by enhancing VTA DA neuron firing and bursting , which may be relevant to the selfadministration of ⌬ 9 -THC in primates (Gardner, 2002; Tanda and Goldberg, 2003) . Although cannabinoids stimulate mesolimbic DA neurotransmission, uncertainty remains regarding the mechanisms involved; however, because phasic increases in extracellular DA depend highly on afferent input (Schultz, 2002) , and systemic but not intra-VTA injections of ⌬ 9 -THC stimulate DA neuron activity (Gardner, 2002) and terminal DA release (Chen et al., 1993) , the rewarding properties of cannabinoids may depend on alterations in afferent input to the VTA.
The activity of VTA DA neurons is also regulated by various presynaptic and postsynaptic mechanisms. For example, presynaptic type-III metabotropic glutamate receptors (mGluR-IIIs) monitor neurotransmitter "spillover" (Conn and Pin, 1997; Isaacson, 2000) and limit further release (Bonci et al., 1997; Zheng and Johnson, 2003) . Another site of regulation is via GABA B Rs located on VTA DA neurons (Seutin et al., 1994) . Axons originating in the NAc (Walaas and Fonnum, 1980; Sugita et al., 1992) , ventral pallidum (VP) (Kalivas et al., 1993) , and pedunculopontine (PdP) nuclei (Charara et al., 1996) innervate these GABA B Rs (Sugita et al., 1992) to modify DA neuron firing rates (Erhardt et al., 2002) , NAc DA release (Westerink et al., 1996) , and reward-relevant behaviors (Yoshida et al., 1994) . In addition, enhancement of glutamatergic activity in the VTA (Kita and Kitai, 1987; Tokuno et al., 1988; Sesack and Pickel, 1992) and blockade of postsynaptic calcium-activated potassium (S K ) channels by apamin (APA) Seutin et al., 1993; Cooper, 2002) initiate bursting in VTA DA neurons that is blocked by glutamate receptor antagonists (Overton and Clark, 1997) and altered by GABA B R ligands (Seutin et al., 1994; Erhardt et al., 2002) . Therefore, GABAergic and glutamatergic inputs to the VTA regulate DA neuron activity, and the presynaptic modulation of these synaptic inputs can alter this activity.
The present study tests the hypothesis that CBs regulate synaptic inputs to VTA DA neurons and determines whether endogenous CBs (eCBs) are released after the manipulation of intrinsic mechanisms controlling DA neuron excitability. We find that activation of glutamatergic axons targeting VTA DA neurons initiates eCB release from these cells that then retrogradely stimulates CB1Rs on GABAergic and glutamatergic axon terminals to inhibit neurotransmitter release. This thereby provides a mechanism for VTA DA neurons to dynamically modulate their own synaptic inputs through activity-dependent eCB release.
Materials and Methods
All protocols were conducted under National Institutes of Health Guidelines using the NIH handbook Animals in Research and were approved by the Institutional Animal Care and Use Committee (National Institute on Drug Abuse, Intramural Research Program, Baltimore, MD).
Recordings. Midbrain horizontal slices (220 m) were prepared from adult male rats (Charles River Laboratories, Raleigh, NC) (150 -230 gm) as described previously (Williams et al., 1984) . Horizontal slices were placed in a recording chamber (0.5 ml) and submerged in continuously flowing physiological saline (34°C) at a rate of 2 ml/min. The solution contained (in mM): 126 NaCl, 2.5 KCl, 1.2 MgCl 2 , 2.4 CaCl 2 , 1.4 NaH 2 PO 4 , 25 NaHCO 3 , and 11 D-glucose equilibrated with 95% O 2 /5% CO 2 . Dopamine (principal) neurons of the VTA were identified by their large cell bodies, their characteristic pacemaker-like firing (1-5 Hz) observed in the cell-attached mode, and the presence of large (Ͼ200 pA) I h currents . Anatomical studies indicate that the VTA also contains a smaller fraction (10 -15%) of non-DA neurons (Swanson, 1982) , and subsequent work has demonstrated that only 13% of these non-DA neurons also show I h (Cameron et al., 1997) . Thus, although we recognize that the presence an I h does not unequivocally identify DA neurons in midbrain slices, this represents a very small percentage (ϳ2%) of the total VTA neuron population. Recordings were made using an Axopatch 200B (Axon Instruments, Burlingame, CA), filtered at 2 kHz, and collected at 5 kHz to the hard-drive of a personal computer. Neuronal firing was monitored in some instances using the cell-attached mode. Cell-attached recordings used the same lowresistance pipettes as the whole-cell recordings (3 M⍀). The internal solution used for whole-cell voltage-clamp recordings contained (in mM): 115 K-methyl sulfate, 20 KCl, 1 MgCl 2 , 10 HEPES, 0.1 EGTA, 2 ATP, 0.3 GTP, and 10 creatine phosphate adjusted to pH 7.2 with 1 M KOH (270 -280 mOsm).
All experiments were done in the presence of the DA D 2 receptor antagonist eticlopride (300 nM). In addition, picrotoxin (100 M), MK-801 (100 M), and strychnine (1 M) were used to block GABA A , NMDA, and glycine receptors, respectively. In some instances, the tissue was incubated with apamin (100 nM). In other instances, NBQX (5 M) and CGP 35348 (200 M) were included to block AMPA receptors and GABA B receptors, respectively. In experiments in which the Ca 2ϩ dependence was studied, BAPTA (1 mM) was substituted for EGTA (0.1 mM) in the internal solution.
Evoked responses. Submaximal synaptic currents (30 -50 pA, baseline) were evoked using bipolar tungsten stimulating electrodes with a tip separation of 300 -400 m. A train of six stimuli of 400 sec duration at 0.3-1.5 mA was delivered at 50 Hz, every 60 sec. Stimulating electrodes were placed within 1 mm rostral of the recording site. Voltage-clamp and stimulation protocols were delivered using a pulse generator (Master 8, A.M.P.I., Jerusalem, Israel), and signals were acquired using a Laboratory PC 1200 or 6024E analog-to-digital converter (National Instruments, Austin, TX) and the Strathclyde electrophysiology software package (WCP, courtesy of Dr. John Dempster, Strathclyde University, Glasgow, UK; http://innovol.sibs.strath.ac.uk/physpharm). I h currents were recorded by voltage clamping cells and stepping the membrane from Ϫ60 to Ϫ110 mV.
Drugs. Unless indicated otherwise, drugs were applied to the slice by superfusion using a calibrated syringe pump (Razel Scientific Instruments, Stamford, CT). WIN-55,212-2 and AM251 were prepared as concentrated (10 mM) stock solutions in DMSO and then diluted to 2 mg/ml in Tween 80 (1%), DMSO (2%), and saline (70%). Final (bath) concentrations were Ͻ0.01% DMSO. The following compounds were purchased from Tocris (Ballwin, MO):
-(xanth-9-yl) propanoic acid (LY341495), 2,3-dioxo-6-nitro-1,2,3,4-tetrahydrobenzo[f]quinoxaline-7-sulfonamide disodium salt (NBQX), BAPTA, and picrotoxin. The following compounds were purchased from Sigma (St. Louis, MO): apamin, eticlopride, and WIN55,212-2 (WIN). K-methyl sulfate was purchased from Fisher Chemicals (Fairlawn, NJ).
Data analysis. Group data are presented as the mean Ϯ SE in all cases. All other statistical tests, including t tests and one-way ANOVAs, were performed using a critical probability of p Ͻ 0.05 (Prism version 4.01, GraphPad Software, San Diego, CA). Post hoc analysis (Newman-Keuls test) was performed only when an ANOVA yielded a significant ( p Ͻ 0.05) main effect. Statistical significance of changes in EPSC and IPSC amplitude was assessed using a one-way ANOVA.
Results

Presynaptic CB1Rs inhibit GABA B IPSCs
Our first experiments were designed to determine whether CB1Rs were located on GABAergic axon terminals innervating GABA B Rs located on VTA DA neurons. Neurons were visually identified in horizontal brain slices containing the ventral mesencephalon using a Zeiss Axioskop (Oberkochen, Germany) upright microscope equipped with differential interference contrast optics and infrared illumination. DA neurons were electrophysiologically identified while in cell-attached mode by their pacemaker-like regular spontaneous firing and large inwardly rectifying I h currents recorded immediately after intracellular access ( Fig. 1 A2) . GABA B R-mediated IPSCs were evoked in voltage-clamped (Ϫ60 mV) neurons by electrically stimulating the tissue (50 Hz, 6 stimuli) . The currents were blocked by the selective GABA B antagonist CGP35348 (200 M) (Fig. 1 A1,A3 ) (Olpe et al., 1990) . A previous study demonstrated that a similar stimulation paradigm may also generate currents mediated by mGluR-Is, coupled to apamin-sensitive S K channels (Fiorillo and Williams, 1998) . Therefore, apamin (100 nM) was applied at the end of these experiments to assess the contribution of S K channels to the presumed GABA B IPSC. Apamin did not significantly alter the IPSCs, indicating that mGluR-I currents did not routinely contribute to the CGP35438-sensitive GABA B -mediated outward currents (Fig. 1 A1,A3) .
The synthetic cannabinoid agonist WIN55,212-2 (1 M), applied in the absence of apamin, inhibited GABA B R IPSCs in a concentration-dependent manner (Fig. 1C) , and its effect was reversed by the selective CB1R antagonist AM251 (2 M) (Lan et al., 1999 ) (WIN ϭ 48.4 Ϯ 5.1% of control, n ϭ 11; WIN plus AM251 ϭ 89.8 Ϯ 1.4% of control, n ϭ 9) (Fig. 1 B) . The WIN55,212-2 inhibition of GABA B IPSCs was observed in ϳ50% of the DA neurons, suggesting the presence of subpopulations of CB1R-expressing inhibitory inputs targeting these cells. Only those cells responding to WIN55,212-2 were included in the averaged results ( Fig. 1 B) .
We next evaluated the presynaptic or postsynaptic locus of the CB1R inhibition of GABA B IPSCs. In the presence of picrotoxin (100 M), pressure application of GABA (20 mM) to DA neuron dendrites produced outward currents that were blocked by CGP35348 ( Fig. 1 D1,D2 ). Although WIN55,212-2 (1 M) again inhibited electrically evoked GABA B IPSCs (59.3 Ϯ 15.3% of control; n ϭ 7) ( Fig. 1 E1) , it did not alter GABA B currents generated by dendritic GABA application (102.1 Ϯ 13.6% of control; n ϭ 9) ( Fig. 1 E2) , implicating a presynaptic locus for the CB1Rs in the VTA.
S K channels and mGluRs regulate CB1R signaling
Although the above experiments did not reveal an alteration of GABA B IPSCs by apamin, stimulation similar that used in this study can produce rapidly desensitizing mGluR-I-mediated IPSCs (Fiorillo and Williams, 1998) , which may overlap GABA B IPSCs. To minimize involvement of postsynaptic mGluR-Is, we blocked mGluR function and reevaluated the effects of WIN55,212-2 on the GABA B IPSCs; however, in the presence of either the nonselective mGluR antagonist MCPG (1 mM) or the small-conductance S K channel blocker apamin (100 nM), we found that the inhibition of GABA B IPSCs by WIN55,212-2 was lost (WIN55,212-2 ϭ 52.2 Ϯ 5.0% of control, n ϭ 11, p Ͻ 0.001; WIN55,212-2 plus apamin ϭ 102.2 Ϯ 6.6% of control, n ϭ 11, p Ͼ 0.05; WIN55,212-2 plus MCPG ϭ 98.1 Ϯ 6.9% of control, n ϭ 9, p Ͼ 0.05) (Fig. 2 A1,A2 ). Because S K channels contribute to calcium-dependent afterhyperpolarizations (AHPs) after single action potentials in midbrain DA neurons (Wolfart and Roeper, 2002) , and because their blockade can dramatically reduce pacemaker precision in DA cells (Wolfart and Roeper, 2002) , we hypothesized that the loss of CB1R effect in the presence of apamin might relate to an increase in DA neuron excitability. This would likely arise from changes occurring at distal DA neuron dendrites not adequately clamped during whole-cell recordings from DA neuron somata (Seutin et al., 1994) . To test this notion, apamin (100 nM) was applied while spontaneous action potentials were recorded from VTA DA cells in the cell-attached configuration. Apamin greatly increased DA neuron firing rates in the absence (565.0 Ϯ 85.8% increase; n ϭ 6; p Ͻ 0.05) (Fig. 2 B1) and presence of the 50 Hz, six-pulse electrical stimulus (651.0 Ϯ 132.3% increase; n ϭ 5; p Ͻ 0.05) (Fig. 2 B1) . Furthermore, in the presence of apamin, DA neurons exhibited prominent oscillations in the frequency of spontaneous action potential discharge after the electrical stimulation (Fig. 2 B2d) .
How might an increase in DA neuron excitability produced by apamin occlude the effect of WIN55,212-2? Because depolarization and neuronal excitation underlie the production of endogenous cannabinoids in several neuron phenotypes (Alger, 2002) , we hypothesized that the apamin-induced increase in spike frequency enhanced eCB production, which then occluded the effect of WIN55,212-2 on GABA B IPSCs. We reasoned that if this were the case, then the eCB occupation of CB1Rs on GABAergic axon terminals would be revealed by an AM251-induced increase of GABA B IPSCs during apamin application. This hypothesized mechanism was supported by the data; that is, although AM251 alone had no effect on the GABA B IPSCs, during apamin (100 nM) application it significantly increased the amplitudes of these currents (AM251 ϭ 18.8 Ϯ 5.7% increase, n ϭ 7, p Ͼ 0.05; AM251 plus apamin ϭ 35.9 Ϯ 8.3% increase, n ϭ 7, p Ͻ 0.05) (Fig. 3A-C) . This suggests that the blockade of postsynaptic S K channels and the concomitant increase in neuronal excitability likely stimulated the production of an eCB that then acted on CB1Rs to occlude the presynaptic effects of WIN55,212-2 on GABAergic terminals.
Our next experiments were designed to determine whether eCB production occurred during other manipulations that increase DA neuron excitability. In the VTA (Bonci et al., 1997) as elsewhere in the brain, mGluRs located on glutamatergic axon terminals act as autoreceptors to limit synaptic excitation (Schoepp, 2001 ). We hypothesized that blockade of these presynaptic mGluRs might increase the glutamatergic excitation of postsynaptic neurons in the VTA by removing the inhibitory autoreceptor influence on glutamate release, thereby increasing the activation of ionotropic glutamate receptors. Furthermore, if this were the case, then blockade of presynaptic mGluRs might also increase eCB production. To test this we evaluated two structurally dissimilar, nonselective mGluR antagonists, LY341495 (200 M) and MCPG (1 mM). Similar to the results obtained with apamin, AM251 increased GABA B IPSCs when applied in the presence of the mGluR antagonists (LY341495 ϭ 63.0 Ϯ 8.2% increase, n ϭ 4, p Ͻ 0.01; MCPG ϭ 49.1 Ϯ 9.7% increase, n ϭ 5, p Ͻ 0.05) (Fig. 3A1,A2 ,B,C), suggesting that the antagonism of mGluRs could increase eCB production and inhibit GABA release from afferents to the VTA.
If apamin and mGluR antagonists acted via different cellular mechanisms to liberate eCBs from DA neurons, then their combined application should additively increase the response to AM251. Consistent with this idea, combined blockade of S K channels and mGluRs produced an additive increase in the effect of AM251 on the GABA B IPSCs (apamin plus LY341495 ϭ 113.0 Ϯ 19.1% increase, n ϭ 4, p Ͻ 0.01; apamin plus MCPG ϭ 104.6 Ϯ 19.7% increase, n ϭ 5, p Ͻ 0.01) (Fig. 3A1,A2, B, C) . Also, as expected from the effects of these manipulations on endocannabinoid release, baseline GABA B IPSC amplitudes in apamin and mGluR antagonist treatment groups were significantly smaller than control IPSCs (LY341495 plus apamin: 30.5 Ϯ 2.5 pA, n ϭ 4, p Ͻ 0.05; apamin: 34.8 Ϯ 2.5 pA, n ϭ 8, p Ͻ 0.05; LY341495: 37.5 Ϯ 5.8 pA, n ϭ 4, p Ͻ 0.05; MCPG: 39.6 Ϯ 1.6 pA, n ϭ 5, p Ͻ 0.05; MCPG plus apamin: 31.0 Ϯ 10.0 pA, n ϭ 5, p Ͻ 0.05; control: 61.7 Ϯ 6.0 pA, n ϭ 7; one-way ANOVA and post hoc Newman-Keuls comparison); however, the baseline control responses within each of these groups was not significantly different ( p Ͼ 0.05). Together, the above data indicate that S K channels and mGluRs can independently regulate eCB production and, indirectly, the release of GABA onto VTA DA neurons. eCB release is Ca 2؉ dependent Because the VTA contains a heterogeneous population of neurons, it was important to determine the cellular source of the eCB in this preparation. Furthermore, because eCB production is dependent on a rise in intracellular Ca 2ϩ in several neuronal phenotypes (Alger, 2002) , an examination of this possible mechanism in the VTA DA neurons was necessary. Therefore, VTA DA neurons were loaded with the Ca 2ϩ chelator BAPTA (1 mM), rather than EGTA (0.1 mM), during whole-cell recordings. When apamin (100 nM) and LY341495 (200 M) were applied to the VTA slice to stimulate eCB production, we found that AM251 (1 M) failed to alter the amplitudes of the GABA B IPSCs (EGTA ϭ 132.0 Ϯ 23.1% increase, n ϭ 5; BAPTA ϭ 3.6 Ϯ 6.4% increase, n ϭ 13; p Ͻ 0.001) (Fig. 4 A1,A2 ). In addition, baseline IPSC amplitude and whole-cell input resistance were unaffected by the inclusion of BAPTA in the pipette. The absence of an AM251-induced increase in the GABA B IPSCs in the presence of BAPTA confirm that, similar to other neuronal systems, eCB production required increased intracellular Ca 2ϩ , and additionally, that the eCB was derived from the recorded VTA DA neurons.
Presynaptic mGluR-IIIs regulate eCBs
In the VTA and adjacent substantia nigra pars compacta, mGluRs are localized to both presynaptic and postsynaptic membranes (Testa et al., 1994 Kosinski et al., 1998) . To better understand their role in eCB production and to confirm the locus of their action, we used antagonists selective for distinct mGluR subclasses while measuring GABA B IPSC amplitudes during AM251 application. In total, six different mGluR antagonists selective for mGluR-I, -II, and -III subclasses were evaluated (Fig.  4 D) ; however, other than MCPG and LY341495 at nonselective concentrations, only the selective mGluR-III antagonist UBP1112 (Conway et al., 2001; Miller et al., 2003) was found to promote eCB formation, as determined by increased GABA B IPSCs during AM251 application (Fig. 4 B-D) . Furthermore, like the nonselective mGluR antagonists, apamin induced eCB production during UBP1112 application (UBP1112 alone ϭ 70.4 Ϯ 6.7% increase, n ϭ 4, p Ͻ 0.01; UBP1112 plus apamin ϭ 132.7 Ϯ 22.4% increase, n ϭ 4, p Ͻ 0.01) (Fig. 4 B-D) . These data are consistent with immunocytochemical studies localizing mGluRIIIs to presynaptic terminals and with electrophysiological evidence indicating that their activation preferentially decreases glutamatergic EPSCs in VTA neurons (Bonci et al., 1997) .
Antagonism of mGluR-IIIs enhances EPSCs
One mechanism through which antagonism of mGluR-IIIs could enhance eCB production would be through the blockade of their presynaptic inhibition of glutamate release onto VTA DA neurons (Bonci et al., 1997) . This would be expected to result in augmented glutamate release during the six-pulse, 50 Hz stimulus trains used to evoke GABA B IPSCs, and an increased depolarization of DA neurons through the activation of postsynaptic AMPA-kainate receptors. To test this hypothesis we examined the effect of the AMPA-kainate antagonist NBQX (5 M) on the ability of AM251 to increase GABA B IPSCs. As in our previous experiments, AM251 (1 M) increased the amplitudes of the GABA B IPSCs during coapplication of apamin and MCPG (104.6 Ϯ 19.7% increase; n ϭ 5) (Fig. 5A1,A2) ; however, this effect was completely blocked by NBQX (2.45 Ϯ 4.9% increase; n ϭ 9) (Fig. 5A) , suggesting that functional AMPA-kainate receptors were necessary to observe mGluR antagonist-induced eCB release in the VTA.
To examine the role of the presynaptic mGluR-IIIs more directly in the regulation of glutamate release, we measured the effect of UBP1112 on AMPA-kainate-mediated EPSCs elicited by the same stimulus trains used to evoke GABA B IPSCs. The EPSCs were isolated from GABA B IPSCs by blocking these currents with CGP35348 (200 M), and the EPSCs were completely blocked by NBQX (5 M) (n ϭ 6; p Ͻ 0.01) (Fig. 5 B, C) . Under baseline conditions the train-evoked EPSCs demonstrated a pronounced frequency-dependent inhibition, with the last (sixth) EPSP of the series measuring only ϳ60% of the first EPSC (Fig.  5B1,C1 ). As predicted, the mGluR-III antagonist UBP1112 (300 M) increased mean EPSC amplitudes and blocked the frequency-dependent inhibition of these responses measured at the end of the train (UBP1112 ϭ 144.3 Ϯ 14.3% of control; n ϭ 4; p Ͻ 0.05) (Fig. 5B1,B2,D) . These data suggest that the increase in extracellular glutamate concentration during the stimulus train was sufficient to activate presynaptic mGluR-III autoreceptors that diminished the efficacy of the glutamatergic inputs to the DA neurons in the VTA (Bonci et al., 1997) , and that antagonism of these receptors by UBP1112 could reverse this modulation. eCBs inhibit VTA glutamate release Because glutamatergic afferents to VTA DA neurons are reportedly sensitive to CB1R agonists (Melis et al., 2004) , it was of interest to determine whether the eCB released after S K channel blockade could inhibit EPSCs mediated by these axons as well as the GABA B IPSCs. Thus, apamin (100 nM) was applied while train-evoked AMPA-kainate EPSCs were recorded from VTA DA neurons, and the effect of AM251 was assessed. The EPSCs were significantly reduced by apamin (60.3 Ϯ 4.7% of control; n ϭ 6; p Ͻ 0.05) (Figs. 5C,D) , and this was completely reversed by the CB1R antagonist AM251 (1 M) (94.7 Ϯ 7.8% of control; n ϭ 5; p Ͼ 0.05) (Figs. 5C,D) . This suggests that the eCBs released from postsynaptic DA neurons after S K channel blockade activated CB1Rs located on both GABAergic and glutamatergic afferents targeting these cells in the VTA. Thus, eCBs could simultaneously inhibit afferents originating from at least two different sources that are recognized as important contributors to bursttype firing patterns in VTA DA neurons (Seutin et al., 1994; Kitai et al., 1999; Erhardt et al., 2002) .
Discussion
The balance between inhibition and excitation shapes VTA DA neuron excitability and firing patterns (Cooper, 2002 ). Here we demonstrate that manipulation of intrinsic physiological mechanisms regulating DA neuron excitability triggers a pronounced depression of synaptic input to VTA DA neurons via retrograde eCB signaling. We propose that this modulation of synaptic input by CB1Rs alters DA neuron excitability in an ongoing manner and may also represent a substrate underlying the rewarding properties of ⌬ 9 -THC. Because the absence of CB1R protein or mRNA in VTA DA neurons argues against a more direct role for these receptors regulating DA neuron activity (Herkenham et al., 1991; Matsuda et al., 1993; Hernandez et al., 2000) , we hypothesized that CB1R activation regulated GABAergic inputs impinging on GABA B Rs found on VTA DA neurons (Fig. 6 ). These inputs originate in NAc (Walaas and Fonnum, 1980; Sugita et al., 1992) , VP (Kalivas et al., 1993) , and PdP (Charara et al., 1996) and through activation of GABA B Rs can attenuate VTA DA neuron activity in vivo (Erhardt et al., 2002) . Our observation that exogenous and endogenous CBs inhibited this input in an antagonist-reversible manner establishes that functional CB1Rs exist on these terminals. Because the GABAergic input to VTA DA neuron GABA B Rs is inhibited by CB1R activation, it is conceivable that ⌬ 9 -THC effects in the VTA occur through the inhibition of these afferents, enhancing VTA neuron activity (French, 1997; Cheer et al., 2003) . This is further supported by data demonstrating increased VTA DA neuron bursting in vivo produced by GABA B antagonists (Erhardt et al., 2002) or ⌬ 9 -THC (French, 1997) and by a concomitant increase in DA release in the VTA and NAc (Chen et al., 1993; Gardner, 2002) . Despite the demonstrated effects of ⌬ 9 -THC, however, evidence supporting eCB-mediated regulation of mesolimbic DA neurons remains inconclusive. Thus, in vivo administration of CB1R antagonists produces little change in ongoing VTA DA neuron activity (French, 1997; Cheer et al., 2003) or in the release of DA in the NAc (Cheer et al., 2004) ; however, CB1R antagonists increase DA overflow at mesolimbic terminals in the PFC (Tzavara et al., 2003) , and the increase in NAc DA by morphine or ethanol is greatly reduced in mice lacking the CB1R (Mascia et al., 1999; Hungund et al., 2003) . Based on these data and our present results, we propose that eCBs influence mesolimbic DA neuron activity, but only under circumstances in which the eCB-sensitive pathways to the VTA are active.
With this in mind, our results revealed two independent manipulations that increased neuronal excitation and were sufficient to trigger eCB release. One of these involved the antagonism of presynaptic mGluR-IIIs regulating glutamate release onto VTA DA neurons (Bonci et al., 1997) . Antagonism of mGluR-IIIs enhanced eCB release that then occluded the effect of WIN55,212-2 at CB1Rs. We conclude that this increase in eCB production resulted from enhanced glutamate release onto AMPA-kainate receptors located on the DA neurons, leading to an increase in intracellular Ca 2ϩ levels. This is supported by our data demonstrating that mGluR antagonists increased EPSC amplitudes and by the blockade of the eCBdependent inhibition of GABA B IPSCs by the AMPA-kainate antagonist NBQX. The role of intracellular Ca 2ϩ was confirmed by blocking the eCB effect with BAPTA, consistent with studies in other brain areas and further revealing that the DA neurons are the likely source of the eCB in the VTA. These experiments demonstrate that presynaptic mGluR-IIIs are activated during mild levels of afferent activity to strongly regulate the efficacy of glutamatergic transmission and eCB production in the VTA. Although the origin of the activated glutamatergic afferents is unclear, our results are compatible with previous work demonstrating that depolarization of VTA neurons through somatic current injection also stimulated eCB production that activated CB1Rs located on glutamatergic afferents (Melis et al., 2004) .
Consistent with previous reports, apamin increased DA neuron firing rates and membrane oscillations during electrical stimulation Cooper, 2002) , whereas it also increased eCB production in the VTA. In addition, like mGluR-III antagonists, apamin occluded the effect of WIN55,212-2 at CB1Rs located on GABAergic afferents, revealing an AM251-induced increase in GABA B IPSCs. The blockade of S K channels by apamin also produced an AM251-reversible inhibition of AMPA-kainate EPSCs, presumably by initiating eCB release that activated CB1Rs on glutamatergic terminals. Thus, endogenous CB released from DA neurons simultaneously inhibited GABAergic and glutamatergic afferents in the VTA. By reducing the AHP-dependent repolarization that follows spike discharge, apamin increases DA neuron sensitivity to excitatory input, which in the presence of diminished inhibition can shift the balance of activity toward excitation and bursting (Overton and Clark, 1997; Cooper, 2002) . Data obtained from in vitro and in vivo studies suggest conditions under which an "apamin-like" diminution of S K channel function may represent a physiologically relevant effect that might also increase eCB production in these neurons (Overton and Clark, 1997; Hyland et al., 2002) . For instance, mechanisms that alter intracellular Ca 2ϩ concentrations and thereby reduce the function of Ca 2ϩ -sensitive S K channels include mGluR-I stimulation of IP 3 formation (Fiorillo and Williams, 1998) , muscarinic receptor activation (Fiorillo and Williams, 2000; Scroggs et al., 2001) , or ␣1 adrenergic receptor activation (Paladini et al., 2001) . A previous study has shown that DA neuron bursting could be initiated by concomitant activation of NMDA receptors and S K channel blockade by apamin and that this effect was reversed by inhibitors of an electrogenic Na ϩ pump ; however, this explanation cannot be invoked to explain eCB release in our study because NMDA channel function was blocked by MK-801 throughout these experiments.
The shift from pacemaker-like firing to bursting is driven by patterned glutamatergic and GABAergic synaptic input to midbrain DA neurons (Grace and Bunney, 1985; Smith and Grace, 1992; Chergui et al., 1994; Tepper et al., 1995) . Furthermore, bursting is normally lacking in DA neurons recorded in vitro, although it can be restored by the application of glutamate agonists and apamin Seutin et al., 1993; Kitai et al., 1999) . GABA B antagonists can also initiate bursting (Erhardt et al., 2002) , presumably by reducing GABAergic tone and "disinhibiting" the DA neurons (Seutin et al., 1994) . In the present study, the increased release of glutamate and the enhanced sensitivity to glutamatergic input during mGluR antagonist and apamin application would be expected to increase DA neuron membrane oscillations and possibly induce bursting (Cooper, 2002) ; however, it was possible to observe eCB-dependent effects during each of these manipulations alone, suggesting that eCBs would be produced in greater amounts under conditions favoring bursting, but also at lower concentrations during milder forms of activity. Also, although both mGluR-III antagonism and Figure 6 . Proposed mechanism of CB1R activation by eCBs mediating the inhibition of GABA and glutamate release in the VTA. A, Under control conditions, electrical stimulation evokes the release of GABA from medium spiny terminals, which activates postsynaptic GABA B receptors on VTA DA neuron dendrites. Glutamate is also released by the stimulus. Glutamate then activates mGluR-IIIs located on glutamate terminals to limit further release and dampen DA neuron excitability. Under these conditions eCB release is absent, and cannabinoid agonists can activate CB1Rs on medium spiny neuron terminals to decrease GABA release onto DA neurons. B, Activation of glutamatergic afferents in the presence of apamin (which reduces AHPs and repolarization by blocking S K channels) increases the excitability of VTA DA neurons, leading to an increase in intracellular Ca 2ϩ that then liberates eCBs from lipid precursors. The eCBs then bind to presynaptic CB1Rs on both GABAergic and glutamatergic axon terminals, decreasing the release of these neurotransmitters. Under these conditions, activation of CB1Rs with a synthetic agonist is occluded by the eCB; however, blockade of CB1Rs with AM251 blocks the eCB effect and increases GABA B IPSCs and AMPA EPSCs. Electrical stimulation in the presence of UBP, an mGluR-III antagonist, augments glutamate release, increasing activation of AMPA-kainate receptors on VTA DA neuron dendrites, which then increases excitability and intracellular Ca 2ϩ levels. This leads to the production of eCBs, which then activate CB1Rs on axon terminals to decrease GABA and glutamate release. The combined application of UBP and apamin results in an additive increase in eCB production resulting in larger AM251 effects and the occlusion of CB1R agonist effects. Lightning bolt symbol represents membrane depolarization. S K channel blockade yielded an AM251-reversible inhibition of GABA B IPSCs and AMPA-kainate EPSCs, their additive effects demonstrated that eCB production was mediated through independent mechanisms. Collectively, these results imply an ongoing regulatory role for eCBs, the release of which is controlled by intrinsic physiological mechanisms in the VTA.
The mesolimbic DA system plays an important role in modulating goal-directed behaviors by gating sensory inputs to the NAc (Wise, 2002) . This is thought to arise from changes in DA neuron activity and the temporal characteristics of DA release (Floresco et al., 2003) . For example, rapid transient increases in NAc DA release may signal prediction errors that encode novel environmental stimuli possessing reward value (Schultz, 2002) . Interestingly, stimulation of glutamatergic afferents to the VTA can produce similar DA transients in the NAc coincident with approach behaviors (Roitman et al., 2004) that are correlated with DA neuron bursting (Floresco et al., 2003) . In contrast, slower tonic increases in DA release may mediate movement and facilitate motivation by enhancing "extrasynaptic" DA levels in the NAc (Schultz, 2002; Floresco et al., 2003) . These longerlasting changes presumably reflect an increased number of active VTA DA neurons recruited by changes in synaptic inputs, including glutamate and GABA from the NAc-VP (Floresco et al., 2003) . Cannabinoid agonists such as ⌬ 9 -THC also stimulate DA transients in the NAc (Cheer et al., 2004) and bursting in DA neurons (French, 1997) . Our data demonstrating the inhibition of GABAergic inputs to the VTA by cannabinoids are consistent with reported increases in tonic DA release in the NAc (Gardner, 2002) and cell firing in the VTA after systemic administration of ⌬ 9 -THC (French, 1997) . This disinhibitory effect of cannabinoids might also be amplified by the ability of CB1 agonists to diminish GABA A receptor-mediated IPSCs arising from axosomatic innervation of DA neurons by intrinsic GABAergic interneurons (Szabo et al., 2002) .
In conclusion, by defining independent presynaptic and postsynaptic cellular mechanisms that control eCB release and regulate ongoing VTA DA neuron activity, we have shown that these neurons can regulate their own afferent input via the retrograde activation of presynaptic CB1Rs. Because the release of eCB molecules appears to depend on increased DA neuron activity, it seems likely that these cells may dynamically fine-tune their own synaptic inputs, thereby providing an additional mechanism to integrate the balance between excitation and inhibition. This regulation of afferent activity by eCBs acting at CB1Rs may also contribute to the shift from pacemaker to phasic DA neuron firing patterns in the presence of appropriate environmental stimuli. On the other hand, the rewarding properties of ⌬ 9 -THC may also reflect the activation of this eCB circuitry, which may have evolved as a regulatory mechanism within this central neural reward pathway.
